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a b s t r a c t

Palladium-based nanoparticles immobilized in polymeric matrices were applied to the reductive dechlo-
rination of 3,3′,4,4′-tetrachlorobiphenyl (PCB77) at room temperature. Two different dechlorination
platforms were evaluated using (1) Pd nanoparticles within conductive polypyrrole films; or (2) immo-
bilized Fe/Pd nanoparticles within polyvinylidene fluoride microfiltration membranes. For the first
approach, the polypyrrole film was electrochemically formed in the presence of perchlorate ions that
were incorporated into the film to counter-balance the positive charges of the polypyrrole chain. The film
was then incubated in a solution containing tetrachloropalladate ions, which were exchanged with the
perchlorate ions within the film. During this exchange, reduction of tetrachloropalladate by polypyrrole
occurred, which led to the formation of palladium nanoparticles within the film. For the second approach,
the membrane-supported Fe/Pd nanoparticles were prepared in three steps: polymerization of acrylic acid
in polyvinylidene fluoride microfiltration membrane pores was followed by ion exchange of Fe2+, and then
chemical reduction of the ferrous ions bound to the carboxylate groups. The membrane-supported iron
nanoparticles were then soaked in a solution of tetrachloropalladate resulting in the deposition of Pd on

the Fe surface. The nanoparticles prepared by both approaches were employed in the dechlorination of
PCB77. The presence of hydrogen was required when the monometallic Pd nanoparticles were employed.
The results indicate the removal of chlorine atoms from PCB77, which led to the formation of lower chlori-
nated intermediates and ultimately biphenyl. Toxicity associated with vascular dysfunction by PCB77 and
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. Introduction

Because of their interesting properties, polychlorinated
iphenyls (PCBs) had been used extensively until their ban in
979. PCBs can contain 1–10 chlorine atoms leading to 209 pos-
ible compounds, called congeners. PCBs are persistent in the
nvironment and can exert toxic effects to animals and humans.
he type of toxicity exerted by PCBs depends on their ability to

orm coplanar structures. Coplanar PCBs, such as those having
o chlorine atoms in the ortho positions are aryl hydrocarbon
eceptor (AhR) ligands and can induce CYP1A1 enzymes [1,2].
CB77 (3,3′,4,4′-tetrachlorobiphenyl) is a coplanar PCB that is
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ultured endothelial cells. The data strongly suggest that the dechlorination
edly reduced the proinflammatory activity of PCB77, a persistent organic

© 2008 Elsevier B.V. All rights reserved.

ommonly found in the environment [3], because of its wide
resence in commercial mixtures sold prior to 1979 (e.g., mixtures
old under the trademark Aroclor) [4]. The maximum contaminant
evel (MCL) for PCBs in drinking water is set by Environmental
rotection Agency at 0.5 ppb, and the stated Public Health goal is to
educe the MCL to zero in the future [5]. Thus, significant scientific
ffort has been directed toward the development of remediation
rocesses for these persistent pollutants [6–8].

The preparation, characterization, and application of metal
anoparticles have been the focus of significant research effort
ver the past decade [9–11]. The properties of the metal of interest

hange considerably at nanoscale dimensions owing to differ-
nces in both physical and chemical properties [10–13]. These
hanges in properties lead to interesting applications in the fields
f catalysis [9,14,15], energy storage devices [16], optronics [17],
agnetic devices [18], and biosensors [19]. The high surface area to

http://www.sciencedirect.com/science/journal/03043894
mailto:bachas@uky.edu
dx.doi.org/10.1016/j.jhazmat.2008.02.109
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Scheme 1. Proposed surface reaction of PCB with Fe/Pd nanoparticles.

olume ratios that nanoparticles exhibit facilitates the effective use
f expensive metals in catalysis [11]. Therefore, the creation and
evelopment of nanosized materials have brought important and
romising techniques into the field of environmental remediation.

Bimetallic catalysis has received much attention because of the
ignificant enhancement in both activity and selectivity at the first
nd second metal interface [20,21]. The use of nanosized bimetal-
ic particles (e.g., Fe/Ni or Fe/Pd) in the degradation of chlorinated
rganics has been the focus of several studies in recent years
22–27]. The use of palladium modified bimetallic nanoparticles
s particularly important in the treatment of chlorinated aromatics
uch as PCBs. The role of Pd is to collect H2 generated from the iron
orrosion reaction and decompose it into atomic H*, which can be
tilized to replace the chlorine in PCBs. (Scheme 1).

In this study, two different platforms were evaluated: (1)
mmobilized Pd nanoparticles in a polymer matrix using external

2 supply; and (2) immobilized Fe/Pd nanoparticles in mem-
rane matrix without external H2 supply. Both systems employed

on-exchange principles for metal immobilization. In addition,
he 2nd platform (Fe/Pd system) can be operated in convec-
ive flow mode. For the first approach, a polypyrrole film was
lectrochemically formed onto a Toray carbon composite paper
sing chronopotentiometry in the presence of perchlorate. As
he polypyrrole film was formed, perchlorate ions were incorpo-
ated into the film to counter-balance the positive charges of the
olypyrrole chain. These perchlorate ions were exchanged with
etrachloropalladate through incubation of the film in a solution
ontaining tetrachloropalladate ions. During this exchange, pal-
adium nanoparticles were formed into the film, because of the
eduction of tetrachloropalladate by polypyrrole. For the prepa-
ation of the bimetallic nanoparticles, polymerization of acrylic
cid (AA) within the pores of a polyvinylidene fluoride (PVDF)
icrofiltration membrane was initially performed, followed by ion

xchange of Fe2+. Chemical reduction of the ferrous ions bound to
he carboxylic acid groups resulted in the formation of Fe0 nanopar-
icles inside the membrane. The palladium layer was formed by
mmersing the membrane-supported iron nanoparticles in a solu-
ion of tetrachloropalladate. This resulted in the deposition of Pd0

n the Fe surface through reduction of Pd2+ by the Fe0 nanoparti-
les. Both systems were evaluated for their ability to dechlorinate

CB77. The results indicate that the final product is biphenyl.

From epidemiological studies, there is substantial evidence that
ardiovascular diseases are linked to environmental pollution [28].
or example, a recent study reported increased hospitalization rates

2

s

ous Materials 159 (2008) 483–491

or coronary heart disease in populations residing near areas con-
aminated with persistent organic pollutants such as PCBs [29]. One
unctional change in cardiovascular diseases, such as atherosclero-
is, is the activation of endothelial cells (the inner lining of blood
essels), which is manifested as an increase in the expression of
pecific cytokines and adhesion molecules. Experiments were per-
ormed to determine whether PCB dechlorination leads to forma-
ion of products with reduced toxicity to vascular endothelial cells.
ccordingly, vascular pulmonary artery-derived endothelial cells
ere exposed to equimolar concentrations of PCB77 or biphenyl

or up to 16 h. After exposure, the relative expression of proteins
ssociated with PCB77-induced inflammation was determined.

. Experimental

.1. Reagents and apparatus

Pyrrole (Sigma–Aldrich, St. Louis, MO) was vacuum distilled
rior to use and stored in the dark at −20 ◦C. K2PdCl4 (99.99%)
as obtained from Alfa Aesar (Ward Hill, MA). PCB77 was obtained

rom Accustandard (New Haven, CT). PCB calibration standards for
he analysis of dechlorinated products were obtained from Ultra
cientific (Northkingstown, RI). All other reagents used were of at
east analytical grade. All solutions were prepared using deionized
ater (Milli-Q water purification system; Millipore, Bedford, MA).

his water was autoclaved before preparing the cell culture media.
Electrochemical experiments were performed using a PARSTAT

273 potentiostat and Powersuite software version 2.40 (EG&G
rinceton Applied Research, Princeton, NJ). A Toray carbon compos-
te paper (TCC) working electrode (kind gift from Toray Composites,
acoma, WA), a silver/silver chloride reference electrode, and a
latinum foil counter electrode were used in all electrochemical
xperiments.

.2. Preparation of nanoparticles

.2.1. Preparation of Pd nanoparticle
A 200-mL solution containing 0.1 M KClO4 and 0.15 M of freshly

istilled pyrrole dissolved in deionized water was transferred to an
lectrochemical cell consisting of a TCC working electrode (surface
rea of 8 cm2), an Ag/AgCl reference electrode, and a platinum-foil
ounter electrode. Chronopotentiometry was performed at a con-
tant current of −5 or −10 mA until 4.5 C/cm2 of charge density
as achieved in order to deposit the polypyrrole film onto the TCC.
uring this process the potential changed from 620 to 735 mV. The

ormed film was then incubated in a solution of 1 mM potassium
etrachloropalladate in order to form the palladium nanoparticles.
cheme 2 outlines the overall approach.

.2.2. Preparation of Fe/Pd nanoparticle
The synthesis of membrane based Fe/Pd nanoparticle has been

escribed previously [27]. Briefly, acrylic acid was polymerized
ithin the pores of a polyvinylidene fluoride (PVDF, obtained from
illipore) microfiltration membrane to form sodium polyacrylate

PAA). Fe2+ was captured by the PAA-functionalized PVDF mem-
ranes by ion-exchange at pH 5.5. Subsequent reduction with
aBH4 (0.07 M) resulted in the formation of Fe0 nanoparticles

nside membrane. The membrane-supported iron nanoparticles
ere then soaked in 50 mL of a solution (90/10 vol% ethanol/water)

f K2PdCl4 (0.12 mM) for 30 min. This resulted in the deposition of
d on the Fe surface.
.3. Film characterization

In order to visualize the Pd nanoparticles with transmis-
ion electron microscopy (TEM), the TCC with the deposited
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cheme 2. Electrochemical preparation of nanoparticles. Polypyrrole was formed a
n 0.1 M KClO4 solution. Incubation of the film in 1 mM K2PdCl4 solution overnight e
he film. The Pd nanoparticles were used for dechlorination (RX → RH + X−) in the p

anoparticles-polypyrrole film was broken into smaller pieces of
pproximately 5 mm2 and ultrasonicated for 1 min in acetone. The
esulting suspension was dropped and air-dried on a 300-mesh
old/copper lacey carbon grid before visualization under the TEM.
he Fe/Pd nanoparticle-contained membranes were sectioned
ith a diamond knife into 50-nm slices using a microtome, and

he slices were loaded on a copper TEM grid coated with lacey
arbon film. All film samples were characterized using a JEOL-JEM
010F transmission electron microscope equipped with an Oxford
nergy dispersive X-ray spectrometer (EDS) and a scanning unit.

Films were also characterized using a Bruker (Madison, WI)
8 Discover X-ray diffractometer (XRD) equipped with a Cu K�

ource (1.541 Å). Palladium loading was determined by a Thermo
arrell Ash ICP-AES system (Franklin, MA) after digesting the film
amples in aqua regia with the help of a CEM-MSP 1000 pressure
icrowave system (Matthews, NC) programmed to hold pressure

t 75 psi for 5 min followed by 125 psi for 5 min. All dechlorination
roducts were analyzed using an Agilent GC (Model 6890) fitted
ith a quadrapole MS detector (Model 5975) (Santa Clara, CA).

.4. Dechlorination experiments

Palladium nanoparticles were used to dechlorinate PCB77 in the

resence of hydrogen. All experiments were conducted in 60-mL
lass vials, each equipped with a stirrer bar. The polypyrrole film
16.2 cm2) that contained the Pd nanoparticles was added to a 20-

L solution of PCB77 (5 mg L−1 in 50% (v/v) ethanol in water). A
ube was fitted to the vial to pass hydrogen gas from a regulated

v
p
1

tant current until 4.5 C/cm2 of current density was achieved from a 0.15 M pyrrole
ges perchlorate for tetrachloropalladate, which is reduced by polypyrrole to Pd0 in
e of hydrogen.

ylinder at 10 psi. Dechlorination experiments were conducted for
, 4, or 6 h. After the dechlorination experiments, the solution was
xtracted with 5 mL hexane for 12 h in a wrist-action shaker to
ttain extraction equilibrium. Additionally, the polypyrrole film
as extracted with 10 mL hexane for 12 h in order to retrieve prod-
cts absorbed into the film.

The dechlorination efficiency of the Fe/Pd nanoparticles was
valuated using a 15.6 mg/L PCB77 in 65% (v/v) ethanol in water
ith Fe/Pd (Pd: 2.3 wt%) immobilized inside a PVDF/PAA polymer
embrane (0.22 (m pore size, 4.7 cm diameter, 125 (m thickness).

he PCB77 degradation experiments were conducted in 24.5-mL
lass vials capped with Teflon-lined silicon septa. A 4.7-cm in diam-
ter PAA/PVDF membrane loaded with 16 mg Fe/Pd nanoparticles
as placed in each vial that contained a 20-mL solution of PCB77,

nd the solution was agitated using a wrist-action shaker. At prede-
ermined time intervals, PCB77 and its breakdown products were
xtracted with hexane from a 2-mL aliquot of the reaction mix-
ure. At the end of the reaction 10 mL of hexane was added to
xtract residual starting material and products from the mem-
rane phase. Both extractions were performed using a wrist-action
haker.

.5. Analysis of dechlorinated products
GC–MS was employed to analyze the dechlorination products. A
olume of 100 �L of the extract was placed in a 2-mL GC autosam-
ler vial fitted with a polymer inset, which could hold a volume of
50 �L. Ten microliters of 1 mg L−1 PCB209 was added as an internal
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showed the lattice planes of the Pd fcc structure confirmed by
the lattice spacing of 0.225 nm for the [1 1 1] plane [41]. EDS
demonstrated that the nanoparticles are composed of palladium
(Fig. 2). The diameter of the particles was found to be 14 ± 2 nm
(n = 50).
ig. 1. (A) TEM of polypyrrole film with Pd0 nanoparticles of 14 ± 2 nm diameter. T
lane of the Pd fcc structure.

tandard. Standards of PCB77 and dechlorinated products in hexane
ere used to prepare calibration plots.

.6. Cell culture

Endothelial cells were isolated from porcine pulmonary arter-
es and cultured as described previously [30]. Porcine arteries were
onated from the College of Agriculture, University of Kentucky.
ells were sub-cultured in Medium 199 containing 10% (v/v) fetal
ovine serum (FBS, HyClone Laboratories, Logan, UT) using stan-
ard techniques [30]. When the cells reached 100% confluency, the
ell culture medium was switched from 10 to 1% FBS. After 8 h in
he 1% FBS containing medium, the cells were treated with vari-
ble concentrations of PCB77 or biphenyl (0.01–1 �M) for 18 h. The
reatment solutions were prepared by adding PCB77 or biphenyl
rom a stock solution in DMSO to 1% (v/v) FBS medium. All treat-

ent solutions contained an equal amount of DMSO. The final
MSO concentration in the experiment did not exceed 0.05% (v/v)

n all treatment groups.

.7. Measurement of VCAM-1, COX-2, and CYP1A1 protein
xpression

Cellular protein extraction was performed as described previ-
usly [31]. Cell monolayers were harvested and washed in cold
hosphate buffer saline, pelleted and incubated in lysis buffer
ontaining 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5 mM dithio-
hreitol (DTT), 0.5 mM phenylmethanesulfonyl fluoride (PMSF),
mg L−1 leupeptin, 1 mg L−1 pepstatin, 0.1% (v/v) Nonidet P-40,
nd 0.5% (w/v) Triton X-100, pH 7.5. Protein extracts were elec-
rophoresed on 12% SDS-polyacrylamide gels and transferred to
itrocellulose membranes. Proteins were probed with commer-
ial rabbit and goat antibodies for VCAM-1, COX-2, and CYP1A1
Santa Cruz Biotechnology, Santa Cruz, CA), and �-actin (rabbit
olyclonal IgG, Sigma, St. Louis, MO). �-Actin was used for normal-

zing the expression of proteins of interest. Antibodies were diluted
:1000 in blocking buffer (5% (w/v) non-fat dry milk in Tris buffered
aline with Tween-20 (TBST-milk) or in Tris buffered saline (TBS-
ilk), pH 7.4). Secondary HRP-linked antibodies were purchased

rom Santa Cruz Biotechnology or Cell Signaling (Danvers, MA) and
iluted 1:3000 in blocking buffer. Blots were developed using an

mage Station 2000R (KODAK Molecular Imaging Systems, New
aven, CT) using ECL (GE Healthcare, Piscataway, NJ) for chemilu-

inescence detection. Experiments were performed in triplicate.

igmastat (Systat Software, San Jose, CA) was used for statistical
nalysis. Treatment comparisons were made by one-way ANOVA,
nd Tukey tests were used for post-hoc comparisons. A statistical
robability of p < 0.05 was considered significant.

F
fi

anoparticles are marked by arrows. (B) High resolution image showing the lattice

. Results and discussion

.1. Pd nanoparticle characterization

Nanoparticles have been incorporated into polypyrrole using
oth electrochemical and chemical methods [32–39]. Polypyrrole
as positive charges in its fully oxidized form for every 3–4 pyrrole
nits and can be doped with anions to compensate this charge [40].
arious studies have shown that neutral and doped polypyrrole can

ncorporate palladium from acidic aqueous PdCl2 solutions where
PdCl4]2− is the dominant species [36,38]. Hasik et al. [36] noted
hat the initial dopant anion (Cl− or OH−) as well as the pH con-
itions influences the way palladium species are incorporated into
olypyrrole.

In this study, palladium nanoparticles were incorporated into
olypyrrole by exchanging the dopant ions (perchlorate) with
etrachloropalladate. During this exchange, palladium nanopar-
icles were formed into the film, because of the reduction of
etrachloropalladate by polypyrrole. Released chloride ions stay
n the membrane to counterbalance the polypyrrole positive
harge. Fig. 1A shows the resulting Pd nanoparticles on a 300-
esh gold/copper lacey carbon grid under a TEM equipped with

n EDS detector (two of the nanoparticles are marked with
rrows). High resolution TEM images of the Pd particles (Fig. 1B)
ig. 2. EDS of the film after incorporation of Pd0 nanoparticles into the polypyrrole
lm. The Au and Cu signals are from the TEM grid.
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ig. 3. (A) XRD of polypyrrole film after exposure to tetrachloropalladate solution,
hich leads to reduction of Pd2+ to Pd0 within the film and (B) XRD of polypyrrole
lm before exposure to tetrachloropalladate solution.
X-ray diffraction (XRD) was employed to investigate the nature
f the entrapped palladium into the polypyrrole films. The XRD pat-
ern of Pd0 contains characteristic peaks at 40.1◦ and 46.6◦ [41].
nalysis of the polymer films before and after deposition of Pd
onfirmed that the nanoparticles formed after the polypyrrole film

ig. 4. STEM mode imaging of PAA/PVDF membrane cross-section containing Fe/Pd
anoparticles confirmed by XRD. One such particle is marked by the white circle.
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oped with perchlorate ions was incubated with tetrachloropalla-
ate ions. The presence of peaks corresponding to the 1 1 1 lattice
lane (2� = 40.1◦) and 2 0 0 lattice plane (2� = 46.6◦) of Pd0 were
bserved in the film after it was incubated in a K2PdCl4 solu-
ion (Fig. 3A). These peaks were absent in the polypyrrole film
oped with perchlorate ions (Fig. 3B). Additionally no peaks were
bserved at 2� = 36.0◦ (Fig. 3A) corresponding to Pd2+ of the tetra-
hloropalladate ion, indicating the absence of this ion in the film.
he particle size of the palladium nanoparticles was calculated to be
7 nm using the Scherrer equation and is slightly different from the
ize determined by TEM (14 ± 2 nm). Similar discrepancies in size
ave been reported previously [34], and are attributed to the fact
hat large crystalline domains (i.e., larger nanoparticles) dominate
he signal in XRD.

Palladium loading was determined by ICP-AES. Polypyrrole
lm samples were subjected to pressure microwave digestion
sing aqua regia. The results showed that the film contained
.6 ± 0.1 �mol of Pd per cm2 of film (n = 3). This value was used

n calculations involving evaluation of the kinetic parameters.

.2. Fe/Pd nanoparticle characterization

Transmission electron microscopy analysis (Fig. 4) indicates a
ispersion of spherical shaped Fe/Pd nanoparticles with an average
article diameter of 30 ± 6 nm over the entire membrane. Our pre-
ious studies using STEM-EDS mapping showed a clear core–shell
tructure of Fe/Pd (iron in the core region and palladium in the shell
egion) [27]. Based on the diameter of 30 nm, the surface area of the
anoparticles was calculated to be 25 m2 g−1.

.3. Dechlorination efficiency

Both platforms were evaluated for their dechlorination effi-
iency. In the experiments with the Pd nanoparticles, external
upply of hydrogen is required to achieve dechlorination. In the
imetallic Fe/Pd system, the chlorinated organics are reduced to
on-chlorinated hydrocarbons on the palladium surface by highly
ctive hydrogen species and electrons generated at the Fe/Pd inter-
ace from the Fe0 corrosion reaction (Scheme 1). Thus, no external
ydrogen supply is required in the Fe/Pd system. The possible inter-
ediates following dechlorination of PCB77 are shown in Scheme 3.
Fig. 5A shows the concentration profiles for the dechlorination

eaction of PCB77 with the palladium nanoparticles in the polypyr-
ole film. Around 85% of PCB77 was dechlorinated within 2 h with
.82 g L−1 of palladium nanoparticle loading. PCB77 was ultimately
onverted to biphenyl and only small amounts of the intermediates
ere detected. Fig. 5A also shows carbon mass balance data calcu-

ated from the concentrations of PCB77 and each dechlorination
roduct at different reaction times. Carbon balance values ranged
rom 88 to 99% of the theoretically expected value, and the dif-
erence corresponds to mass losses during the extraction process.
ig. 5B depicts the dechlorination of PCB 77 with the Fe/Pd nanopar-
icles immobilized inside the PAA/PVDF polymer membrane

atrix. Complete dechlorination of PCB77 by Fe/Pd in the PAA/PVDF
embrane was achieved within 2 h. Again, biphenyl was formed as

he main dechlorination product. The carbon mass balance in this
ase was on average about ∼95% of the initial amount of PCB77.

In both cases, the degradation of PCB77 by the Pd or the
e/Pd nanoparticles occurred through the formation of less chlo-
inated intermediates. It has been proven in the literature [25]
hat non-ortho-chlorinated PCB congeners dechlorinate faster

han the ortho-chlorinated isomers. The reactivity of the chlo-
ine substituents decreases in the order para ≈ meta > ortho [42].
he degradation for PCB77 with both platforms showed all eight
ntermediates, which can occur in theory under reductive dechlo-
ination. All the intermediates appeared at very low concentration
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cheme 3. Dechlorination pathway of PCB77 leading to lower chlorinated biphen
CB77 assigned a toxicity of 100%) calculated according to the model in ref. [45].

evels. This can be explained by the little difference of reactivity
etween para and meta chlorines substituents.

It is well known that pseudo-first-order kinetics can be used
o describe PCB dechlorination with nanoparticles [25–27]. This
as found to be applicable to the bimetallic Fe/Pd nanoparticles

nd is a good approximation for the dechlorination reaction using
d nanoparticles in the presence of excess hydrogen. Thus, the
echlorination kinetics of both platforms can be described by the
ollowing equation:

dC

dt
= kobsC = kSA�maSC (1)

here C is the PCB77 concentration, aS is the surface area of the
anoparticles (m2 g−1), �m is the loading of the nanoparticles, kobs

s the observed rate constant (h−1), and kSA is the surface-area-
ormalized rate constant (L h−1 m−2). For the Pd nanoparticles,
ased on the average diameter of 14 nm (identified by TEM), aS
as calculated to be 36 m2 g−1. The experimental data were fitted

o Eq. (1) to obtain the kinetic parameters kobs and kSA, which were

ound to be 0.58 h−1 and 0.019 L h−1 m−2, respectively. Similarly,
or the 30 nm in diameter Fe/Pd nanoparticles the kobs and kSA
ere determined to be 2.82 h−1 and 0.141 L h−1 m−2, respectively.

hese results indicate that the Fe/Pd nanoparticles are ∼7-fold
ore efficient in the dechlorination of PCB77. The higher kSA for

3

h

d ultimately biphenyl. The values in parenthesis indicate relative toxicities (with

he Fe/Pd system can be explained by the in-situ hydrogen gen-
ration at the Fe/Pd interface, which can minimize the hydrogen
ransfer resistance to the Pd surface. The electrons generated by
ron corrosion could also benefit the PCB dechlorination. In the
ure Pd (with Pd/polypyrrole) system, H2 needs to be dissolved

n the aqueous phase and then transferred to the Pd surface by
iffusion, and thus may lower the observed reaction rate due to
ass-transfer resistance.
During dechlorination with the Fe/Pd nanoparticles, the iron

s oxidized, and Fe2+/Fe3+ species may be released from the
embrane. The PAA-functionalized membrane could capture

hese dissolved iron ions. Analysis of the aqueous phase after
he dechlorination reaction showed negligible amount of iron
0.03 mg, which corresponds to 0.18 wt% of initial iron). In order to

easure iron ions in the membrane phase, ion exchange with Ba2+

as performed to transfer iron ions captured by the PAA from the
embrane phase to the aqueous phase. Analysis of the aqueous

hase after Ba2+ ion exchange showed 1.2 mg iron (2% of the initial
e) captured by membrane.
.4. Toxicity

Coplanar PCBs such as PCB77 bind to and activate the aryl
ydrocarbon receptor (AhR). Most of the toxic effects caused by
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pro-inflammatory transcription factor nuclear factor-kappa B (NF-
�B) [49–51]. COX-2 protein expression was induced by PCB77 in a
dose-dependent fashion, but not by biphenyl (Fig. 7). These results
suggest that biphenyl is unable to activate AhR and NF-�B at the
doses used in these experiments. The PCB77 treatment also caused
ig. 5. Concentration profiles of PCB77, dechlorinated product intermediates,
iphenyl, and the corresponding carbon balance. (A) Batch reaction of PCB77 with
d nanoparticles in polypyrrole membrane in the presence of excess H2. (B) Batch
eaction of PCB77 with Fe/Pd nanoparticles in PAA/PVDF membrane.

oplanar PCBs in vascular endothelial cells are mediated by the
hR [43,44]. The relative toxicity of PCB77 and its lower chlorinated
iphenyl intermediates formed during dechlorination can be cal-
ulated using computational approaches based on the affinity of
hese compounds for the aryl hydrocarbon receptor [45]. The rel-
tive toxicity calculated by this approach is shown in Scheme 3
ssigning PCB77 a relative toxicity value of 100%. The values indi-
ate that the dechlorination intermediates have significantly lower
oxicity. Because only small amounts of chlorinated intermediates
re generated during the dechlorination process (Fig. 5), the toxic-
ty of biphenyl (main product) was evaluated in order to assess the
echlorination process.

There is mounting evidence that exposure to environmental
ollutants, especially to persistent chlorinated organic compounds
uch as PCBs, can play a critical role in the pathology of cardio-
ascular diseases. Dysfunction of the endothelial lining of blood
essels is a critical underlying cause for the initiation of cardio-
ascular diseases. Thus, vascular endothelial cells were chosen as
he target organ for toxicity studies. Endothelial cells were exposed
or 16 h to PCB77 or biphenyl. Expression of CYP1A1, COX2, VCAM-1,

nd �-actin was measured by western blot analysis. CYP1A1 induc-
ion is a commonly used biomarker of exposure to chlorinated and
on-chlorinated AhR ligands. Exposure to coplanar PCBs such as
CB77 activates the AhR, which results in increased expression of
YP1A1 mRNA, and the corresponding CYP1A1 protein [43]. Pre-
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xpression. CYP1A1 protein expression was normalized to �-actin expression and
onverted to % control. Bars represent mean ± standard error; n = 3 cell culture plates
er treatment. * indicates statistically significant difference with respect to the
ehicle (DMSO) treatment.

ious studies have demonstrated that PCB-dependent induction of
ndothelial cell toxicity is mediated by AhR activation and induc-
ion of responsive genes [43,44]. As shown in Fig. 6, CYP1A1 protein
xpression was induced by PCB77 in a dose-dependent fashion, but
ot by biphenyl. The lack of induction of CYP1A1 in endothelial
ells after exposure to biphenyl suggests that this chemical does
ot activate the AhR pathway and its responsive genes.

COX-2 expression has been associated with oxidative stress [46]
nd the formation of early atherosclerotic lesions in LDL recep-
or deficient mice (a mouse research model commonly used to
tudy atherosclerosis) [47]. COX-2 can be induced by chlorinated
e.g., PCBs and dioxins) and non-chlorinated AhR ligands in vari-
us cell culture models [48,49]. Induction of COX-2 by AhR ligands
as been shown to be dependent on activation of AhR and the
ig. 7. Effect of PCB77 (black bars) and biphenyl (white bars) on the expression
f COX-2 protein. COX-2 protein expression was normalized to �-actin expression
nd converted to % control. Bars represent mean ± standard error; n = 3 cell culture
lates per treatment. (*) indicates statistically significant difference with respect to
he vehicle (DMSO) treatment.
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n increase in VCAM-1 protein expression, which was not observed
n endothelial cell cultures treated with biphenyl (Fig. 8). These
ndings are significant and confirm our previous studies, which
emonstrate proinflammatory properties of PCBs [43].

Our studies with biphenyl demonstrate a lower toxicity than
CB77 in an endothelial cell system at concentrations less than
�M. It should be noted, however, that biphenyl may demonstrate

oxic effects at concentrations higher than those investigated in this
tudy.

. Conclusions

Reductive dechlorination of conjugated aromatics can be
ccomplished through the use of Pd in the reactive media. Two
ifferent Pd based platforms were evaluated, i.e., Pd nanoparticles

mmobilized in polypyrrole membranes using external H2 supply,
nd Fe/Pd bimetallic nanoparticles in polyacrylate-polyvinylidene
uoride microfiltration membranes without external H2 supply.
he membranes were characterized by TEM, EDS and XRD tech-
iques to determine and confirm the size and nature of the

ncorporated nanoparticles. The bimetallic nanoparticles exhibit
igher reactivity in terms of kinetics for the dechlorination of
CB77. At the same time, toxicity results suggest that biphenyl (the
echlorination end-product), unlike PCB77, does not activate the
hR pathway and does not alter expression of proteins associated
ith vascular inflammation. This implies a reduction in endothe-

ial cell toxicity upon treatment of PCB77 solutions with Pd or Fe/Pd
anoparticles.
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